ABSTRACT Itching is a common clinical symptom of skin disease that significantly affects a patient's quality of life. Transient receptor potential vanilloid 1 (TRPV1) receptors of keratinocytes and peripheral nerve fibers in skin are involved in the regulation of itching as well as pain. In this study, we investigated whether curcumin, which acts on TRPV1 receptors, affects histamine-induced itching in mice, using behavioral tests and electrophysiological approaches. We found that histamine-induced itching was blocked by topical application of curcumin in a concentration-dependent manner. In ex-vivo recordings, histamine-induced discharges of peripheral nerves were reduced by the application of curcumin, indicating that curcumin acts directly on peripheral nerves. Additionally, curcumin blocked the histamine-induced inward current via activation of TRPV1 (curcumin IC 50 =523 nM). However, it did not alter chloroquine-induced itching behavior in mice, which is associated with transient receptor potential ankyrin 1 (TRPA1). Taken together, our results suggest that histamine-induced itching can be blocked by topical application of curcumin through the inhibitory action of curcumin on TRPV1 receptors in peripheral nerves.
INTRODUCTION
Curcumin is widely used as a food ingredient and health supplement for the treatment of various diseases [1] [2] [3] . Over the past decades, intensive research into the biological and pharmacological roles of curcumin has revealed that curcumin has a variety of biological properties. For example, curcumin inhibits protein kinase C and protein tyrosine kinase activity, cyclooxygenase, endonucleases, and platelet aggregation [4] [5] [6] [7] and exhibits therapeutic potential as an anti-inflammatory, antioxidant, anti-cancer, antibiotic, and diabetic treatment [1, 3] . Additionally, recent studies have reported that the interactions between curcumin and transient receptor potential vanilloid 1 (TRPV1) inhibit DNBSinduced colitis [8] and that curcumin has an analgesic effect by directly blocking TRPV1 in trigeminal ganglia (TG) and dorsal root ganglia (DRG) of mice [9, 10] .
In general, itching can be classified as histamine-dependent and histamine-independent itching, and histamine-dependent itching has a stronger relationship to TRPV1 than histamine-independent itching [11] [12] [13] . It is believed that histamine-dependent itching is associated with approximately 10% of total C-nerve fibers in human skin, which play a specific role in itching [14] . Histamine causes the surrounding skin to develop abnormal sensitivity toward other stimuli, thus the sensation of touch, pressure, or temperature can be perceived as itching. Diffuse, persistent itching caused by this process is termed "alloknesis" [15] . Histamine in the skin is mainly supplied by degranulation of mast cells, which are locally and functionally related to afferent Cnerve endings. Recently, it was reported that TRPV1 is expressed in most itch-specific C-nerve fibers expressing histamine recep-
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tors, and TRPV1 appears to play an important role in itching [16] . Additionally, histamine-induced signal transduction directly leads to the activation of TRPV1 by lipid metabolism following lipoxygenase activation, and histamine-induced itching is also significantly reduced in TRPV1 KO mice [17, 18] . According to Shim et al., histamine released from mast cells binds to the H1 receptor located at the end of C-nerve fibers and produces arachidonic acid by activation of the phospholipase A2-lipoxygenase pathway [17] . Activation of TRPV1 via the increased intracellular concentration of arachidonic acid metabolites then induces itching. To examine the effect of curcumin on TRPV1-mediated histamine itching, we conducted behavioral experiments using model animals and electrophysiological studies of DRG neurons and skin-nerve preserved tissue. Our findings suggest that curcumin extract may inhibit histamine-induced itching through TRPV1.
METHODS
Animals
All experimental methods were approved by the Experimental Animal Ethics Committee of Hanyang University. Male C57BL/6 wild-type male mice (OrientBio, Sungnam, Korea) and TRPV1 knockout (KO) mice (The Jackson Laboratories, ME, USA) weighing 18-22 g were used in this study. All experimental animals were housed in a conventional facility with a 12:12 hour light cycle (lights on 8.00 am) and ad libitum access to water and chow. Temperature and humidity were 22°C and 60%, respectively. All animals were allowed to adapt to the new environment for one week before the experiment.
Curcumin solvents
To investigate the optimal solvent for curcumin, which is a polar molecule, five polar solvents were evaluated: chloroform (CHCl 3 ), ethanol, isopropanol, 1-butanol, and polyethylene glycerol 400 (PEG400). These representative polar solvents are harmless non-toxic at low concentrations. The solubility of curcumin was 10 mg/ml for ethanol and >11 mg/ml for DMSO. Although the solubility of curcumin in DMSO was high, DMSO itself has a variety of biological actions. Therefore, we used a mixture of 70% PEG400 and 30% ethanol as the solvent for curcumin. To determine the best conditions to dissolve curcumin, 1) 0.007 g of curcumin was dissolved in 1.0 g of ethanol, and then PEG400 was added or 2) 0.007 g of curcumin was dissolved in PEG400 and then 1.0 g of ethanol was added.
Itching test
Histamine (100 mg/50 ml, Sigma-Aldrich, MO, USA) was injected into wild-type (WT) mice and TRPV1 KO mice. One day before the experiment, nape hair was shaved to create an area with a diameter of 1.5 cm for intradermal injection. An experimental animal was placed in a small plastic cylinder (20 cm in diameter, 25 cm in height), and pads were placed in the cylinder to absorb excrement. Test animals were placed in a cylinder for 15 min to allow them to acclimate, and then histamine was injected intradermally into the nape of the neck of the experimental animal. To measure the number of direct scratching events mediated by the rear hind legs, experimental animals were monitored 15 min before intradermal injection and 30 min after intradermal injection. The definition of direct scratching was the animal lifting its hind paw to the shaven navel and scratching the affected area and then returning the paw to its original position. To assess which receptors in particular were affected by curcumin, histamine, compound 48/80 (100 mg/50 ml, Sigma-Aldrich), or chloroquine (100 mg/50 ml, Sigma-Aldrich) were injected in the same manner as described above in WT mice and TRPV1 KO mice and behavioral responses were observed.
Rota-rod performance test
To determine if curcumin affects the locomotor activity of mice, mice were placed on the horizontal bar rotating at a speed of 4 rpm using a rota-rod apparatus (ROTA-ROD, B.S Technolab INC, Seoul, Korea). Twenty-four hours before the actual rota-rod test, all mice were tested and those that were able to remain on the rod for at least 120 s were included in the study. Performance time on the bar (in sec) and number of falls were measured over a period of 2 min. Scores were then compared and analyzed 5 min before and 30 min after treatment with vehicle or curcumin. The test was repeated 3 times and the mean value for each animal was recorded.
Ex-vivo recordings
Mice were killed by CO 2 inhalation, and the hairy skin of the hind paw innervated by the saphenous nerve was dissected after attached connective tissue, muscle, and/or tendon was removed. Organ bath consisted of two chambers (perfusion chamber and recording chamber) separated by an acrylic-based wall. The perfusion chamber was continuously superfused with SIF (in mM; 3.5 KCl, 107.8 NaCl, 0.69 MgSO 4 •7H 2 O, 1.53 CaCl 2 •2H 2 O, 1.67 NaH 2 PO 4 •2H 2 O, 26.2 NaHCO 3 , 9.64 C 6 H 11 NaO 7 , 7.6 sucrose, 5.55 glucose) that was saturated with a mixture of 95% O 2 and 5% CO 2 and maintained at 31±1°C. After dissection, the preparation was placed with the epidermal side down. Nerves attached to the skin were drawn to the recording chamber filled with paraffin oil. The nerve was placed on a fixed mirror, the sheath was removed, and nerve filaments were repeatedly teased to allow single fiber recordings to be made using two gold electrodes, one for recording and the other for reference. Spikes from single C-fibers were recorded extracellularly with a differential amplifier (DP311; Warner instruments, CT, USA), transferred to a computer by a data acquisition system (DAP5200a; Microstar Laboratories, Inc. WA, USA), and analyzed off-line using the window discrimination feature of the software (Dapsys 8; Bethel University, http:// dapsys.net).
Primary DRG neuron culture
DRGs from all spinal levels of 6-8 week old mice were removed aseptically and incubated with collagenase (5 mg/ml, Roche, Swiss)/dispase-II (1 mg/ml, Roche) at 37°C for 40 min, then digested with 2.5% trypsin (Invitrogen, MA, USA) for 7 min at 37°C, followed by 0.25% trypsin inhibitor (Sigma-Aldrich). Cells were mechanically dissociated with a flame-polished Pasteur pipette in the presence of 0.05% DNase I (Sigma-Aldrich). DRG cells were plated on glass cover slips and then plated onto glass coverslips previously coated with a solution of poly-D-Lysine. DRG cells were first plated on bare glass cover slips and then transferred to poly-D-Lysine -coated coverslips. DRG cells were incubated in a 5% CO 2 atmosphere at 37°C and were maintained for 24 h before use.
Electrophysiology
Whole-cell current-clamp recordings to measure currents were performed at room temperature using the HEKA EPC10 amplifier (HEKA Elektronik GmbH, Lambrecht/Pfalz, Germany). Patch pipettes were pulled from borosilicate capillaries (Chase Scientific Glass Inc., CA, USA). When filled with the pipette solution, the resistance of the pipettes was 4-6 MΩ. The recording chamber was continuously perfused (2 ml/min). Series resistance was compensated for (>80%), and leak subtraction was performed. Pulse v8.30 software (HEKA) was used during experiments and for analysis. The internal pipette solution was composed of (in mM): 140 KCl, 1 CaCl 2 , 2 MgCl 2 , 10 EGTA, 10 D-glucose, and 10 HEPES adjusted to pH 7.3 with NaOH, 295-300 mOsm. Extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 D-glucose, adjusted to pH 7.3 with NaOH, 300-310 mOsm. All drugs in this experiment were dissolved in extracellular solution. Voltage-clamp experiments were performed at a holding potential of -60 mV.
Data analysis
All data were analyzed with the SPSS Statistic 24 (IBM, New York, USA) package. Differences between two data sets were evaluated by paired or unpaired t-tests. The significance of differences among multiple groups were evaluated by one-way ANOVA followed by Tukey's post-hoc test. Differences were considered to be significant when the p value was less than 0.05 (p<0.05). All data are expressed as means±SEM (the standard error of the mean). Dose-response analysis was performed with Origin 6.1 software (MicroCal, MA, USA). Normalized histamine-induced scratch responses and histamine-induced current were plotted against the concentration of curcumin and fitted using a standard logistic equation,
, where E is the measured effect of the drug, E max is the maximum effect current, C is the drug concentration, IC 50 is the drug concentration that yields 50% of the maximum effect, and n is the Hill coefficient of sigmoidicity.
RESULTS
Curcumin and capsaicin cream formulation
Solubility, transparency, color, and degree of precipitation in curcumin in various potential solvents were evaluated. Ethanol and PEG400 were selected as the most suitable solvents to dissolve curcumin, and a mixture of 1.0 g of ethanol and 1.0 g of PEG400 was finally used for the curcumin cream formulation as dissolution of curcumin was optimal in ethanol and PEG400. Because only 0.007 g of curcumin dissolved in ethanol at room temperature, it was dissolved at 40°C-50°C. When 1.0 g of PEG400 was dissolved, a transparent brown solution was obtained. In the second dissolution test condition, 0.007 g of curcumin dissolved completely in PEG400 (1.0 g) at room temperature and then ethanol (1.0 g) was added, resulting in the complete dissolution of curcumin. The latter method of curcumin dissolution was therefore used to prepare the cream for topical application; 0.001 weight% (wt.%), 0.1 wt.%, 1 wt.%, and 3 wt.% curcumin samples were made in white Vaseline [3] . For the capsaicin cream, 0.075 wt.% capsaicin cream (Darimbiotech. Korea) was diluted to 0.05 wt.% in white Vaseline.
Effect of curcumin on histamine-induced itching
We investigated the anti-itching effect of curcumin on histamine-induced itching behavior in mice. Histamine was injected intradermally into the nape of the neck of C57BL/6 mice at a dose of 100 mg/site, after which scratching behavior was observed for 30 min. Various curcumin concentrations (0.001 wt.%, 0.1 wt.%, 1 wt.%, and 3 wt.%) were evaluated. Histamine-induced itching was not significantly reduced in mice treated with 0.001 wt.% curcumin compared with the vehicle-treated group, while itching decreased significantly in a dose-dependent manner in groups treated with 0.1 wt.%, 1 wt.%, and 3 wt.% curcumin cream (64.5±11.2%, n=6; 39.8±4.2%, n=7; and 27.8±6.3%, n=9, respectively; Fig. 1A ). The IC 50 of curcumin for inhibiting histamineinduced itching was approximately 0.33 wt.% (Fig. 1B) .
We next evaluated if curcumin had any systemic beneficial effects (Fig. 1C) . When 50 mg/kg of curcumin was injected intraperitoneally 30 min before the injection of histamine, the total number of scratches was reduced by 22.3±6.3% (n=8). However, there was no significant difference between this group and the group that received local curcumin treatment. In addition, intraperitoneal administration of curcumin did not cause significant changes in the locomotor activity of mice in the rota-rod performance test (Fig. 1D) , indicating that curcumin did not impair motor activity. In addition, we did not observed no changes in the mice applied with 0.05 wt.% capsaicin cream and 3 wt.% curcumin cream, the same as with the vehicle group. Overall, these results suggest that the anti-itching effects of curcumin are mediated locally rather than systemically.
TRPV1 is activated by capsaicin, and is eventually blocked by capsaicin after prolonged exposure due to desensitization of nociceptive afferents and depletion of neuropeptides such as substance P; thus, capsaicin cream has been used as an anti-itch agent. We compared the inhibitory effects of capsaicin and curcumin creams on histamine-induced itching (Fig. 1C) . When 0.05 wt.% capsaicin cream was topically applied before inducing histamine-induced itching, the total number of scratches observed for 30 min was reduced (25.4±8.3%, n=6). The anti-itching effects of capsaicin and curcumin creams were not significantly different, indicating that curcumin has a similar anti-itch efficacy to that of capsaicin cream.
Inhibitory effect of curcumin on histamine-induced C-fiber activity and histamine-induced current in DRG neurons
Curcumin can participate in excitatory regulation of peripheral nerve cells and produce anti-inflammatory action in the skin. Therefore, we examined whether curcumin acts on itching-responsible nerves to block histamine-induced itching using ex-vivo recordings of skin-nerve preserved tissue. The discharge response of a single saphenous nerve fiber was evoked by histamine (500 mM, firing rate of 8.54±1.74 action potentials/min; control discharge, firing rate of 1.14±0.67 action potentials/min), and then was inhibited by curcumin (5 mM, firing rate of 2.17±1.16 action potentials/min, p<0.05; Fig. 2 ). These results indicate that curcumin blocks histamine-induced discharges of peripheral nerves. Next, we tested the effect of curcumin on histamine-induced inward currents in capsaicin-sensitive DRG neurons, because histamine-induced currents are mediated by the activation of TRPV1 [17] . Histamine-induced current (200 mM) was significantly blocked by curcumin (2 mM, 25.4±3.2% of 1st histamine-induced current, p < 0.05; Fig. 3A ) in a dose dependent manner with an IC 50 value of 523 nM (Fig. 3B) . In addition, histamine-induced current was blocked by capsazepine (10 mM, Sigma-Aldrich; Fig.  3A ) and capsaicin-induced current under Ca 2+ free condition Lee HK et al decreased to 21.1±2.9% (n=6) after application of curcumin (5 mM), which recovered to control value (90.8±3.8%, n=6; Fig. 3C ). These results indicate that the histamine-induced current mediated by the activation of TRPV1 is reduced by curcumin acting as a TRPV1 blocker.
Effect of curcumin on TRPA1-mediated itching behavior
Because itching is distinguished by dependence on histamine, we examined the anti-itching effect of 3 wt.% curcumin on histamine-induced itching, compound 48/30-induced itching (histamine-associated itching), and chloroquine-inducted itching (histamine-independent itching via transient receptor potential ankyrin 1 (TRPA1) activation) in TRP1V KO mice compared to WT mice (Fig. 4) . Histamine-induced itching behavior in TRPV1 KO mice injected with histamine (84±6 bouts, n=6) was 62% of that in WT mice (224±22 bouts, n=6). No significant decrease in histamine-induced itching in TRPV1 KO mice was observed after treatment with 3 wt.% curcumin (62±22 bouts, n=6). Compound 48/80 (100 mg/50 ml), which degranulates mast cells resulting in the release of histamine, evoked scratching behavior for 30 min (185±13 bouts, n=8) in WT mice. In contrast, compound 48/80-induced itching in TRPV1 KO mice (110±9 bouts, n=6) was reduced compared to that in WT mice (p<0.05, Fig. 4) , and the former was not significantly reduced by curcumin (98±11 bouts, n=6). Itching behavior was observed after intradermal injection of chloroquine, which is known to act via a histamineindependent mechanism, in both WT and TRPV1 KO mice. WT mice treated with of chloroquine had 165±11 scratching bouts (n=6) over the course of 30 min while TRPV1 KO mice had 148±12 bouts (n=6), which is not a significant difference. The 3 wt.% curcumin did not reduce chloroquine-induced itching. The total number of scratching bouts in curcumin-treated TRPV1 KO mice was 136±14 (n=6). Taken together, these results suggest that the anti-itching effect of curcumin is mediated by the blocking of TRPV1, not of TRPA1.
DISCUSSION
Curcumin, a natural product with vanilloid rings, has anticancer, anti-inflammatory, and therapeutic effects in dementia, controls gastric acid secretion and diabetic symptoms, and functions as an analgesic [1] [2] [3] 9, [19] [20] [21] . However, to the best of our knowledge, its effectiveness as an anti-itching agent has not been evaluated. Our aim in this study was to determine if curcumin is effective at blocking histamine-induced itching, and if so, to determine its underlying mechanism of action. Our findings are as follows: 1) topical curcumin cream reduced histamine-induced pruritus in a concentration-dependent manner; 2) curcumin inhibited histamine-induced currents by blocking TRPV1 in itch-sensitive DRG neurons; and 3) topical curcumin cream was effective at treating histamine-and compound 48/80-induced pruritus, which are mediated by TRPV1, but not chloroquineinduced pruritus, which is mediated via TRPA1. These results suggest that natural curcumin extract can be used on peripheral sites as an anti-itching agent and may be a safe, long-term treatment for treating pruritic skin diseases.
The concentration of curcumin cream described in this study is wt.%, and curcumin cream is made by diluting curcumin dissolved in mixture of PEG400 and ethanol with white Vaseline. Thus, molar concentration of 3 wt.% curcumin cream used in itching behavioral test is about 285 mM. The previous study reported that the skin permeability of curcumin in rodents is about 10% when treated with curcumin for 24 h [22] . The skin permeability of curcumin when 3 wt.% curcumin cream treated to the skin for 1 h can be expected to be about 0.42% (1.19 mM of curcumin concentration), which is an appropriate concentration to reduce histamine-induced itching. Because the IC 50 of curcumin for histamine-induced current is 523 nM and concentration of curcumin is 2 mM in ex-vivo recording, we believe that the permeated concentration of curcumin was sufficiently effective.
In clinical studies, it has been reported that topical and systemic curcumin can improve skin health [23] and curcumin has been used for symptomatic management of sulphur mustardinduced pruritus and itching in cancer patients [3, 10] . However, the efficacy of curcumin in the management of itch has not been evaluated previously. Based on previous studies that reported that curcumin had an inhibitory effect on TRPV1 in the TG and DRG neurons of mice [9, 10] , we investigated the inhibitory effect of curcumin on histamine-induced itching and histamineinduced currents in DRG neurons. Consistent with our findings, previous studies reported that curcumin, curcuminoid, and curcumin derivatives directly inhibited capsaicin-induced cur- rents in DRG-, TG-, and hTRPV1-expressing HEK293 cells and capsaicin-induced currents in mouse DRG neurons, which may explain the antinociceptive effects of these compounds on thermal pain [9, 10, 24, 25] . This is consistent with clinical studies that have reported significant improvement in skin diseases such as atopic dermatitis and chronic pruritus upon curcumin treatment [3, 10, 26] . However, a previous study reported that curcumin was ineffective at directly modifying membrane currents in Xenopus oocytes expressing rat TRPV1 [8] . This discrepancy may be due to differences in the experimental approaches used in the various studies.
Histamine-independent itching is activated via a pathway other than TRPV1 and is typically associated with chloroquine and serotonin. In the case of chloroquine, this process involves the activation of TRPA1 [27] . MrgprA3, a member of the Mrgpr family of G-protein coupled receptors in TRPV1-expressing cells, is involved in chloroquine-induced itching, which is mediated by TRPA1, not TRPV1 [28] . Serotonin regulates the excitability of cells via PLCb3 to induce itching [16] . Because histamine and compound 48/80 are likely to be associated with TRPV1 and chloroquine is not, we investigated if curcumin was effective at alleviating itching mediated by TRPA1 (chloroquine) as well as TRPV1-mediated pruritus (histamine and compound 48/80). Itching induced by histamine and compound 48/80 was significantly reduced in TRPV1 KO mice, but itching caused by chloroquine was not significantly different between WT and KO mice. Compound 48/80 induces an itching sensation through the activation of TRPV1 via histamine release from mast cells [29] . In addition, curcumin suppresses compound 48/80-induced mast cell degranulation and histamine release from mast cells [30, 31] . Curcumin treatment had a significant inhibitory effect on compound 48/80-induced itching in WT mice, and compound 48/80-induced itching was significantly reduced in TRPV1 KO mice. In contrast, chloroquine treatment of TRPV1 KO mice resulted in a similar itching phenotype as observed in the WT group, and this itching was not inhibited by curcumin. Considering that chloroquine-induced itching, which is histamine-independent itching, is associated with TRPA1 [27] , our results indicate that curcumin does not affect TRPA1-mediated itching.
In conclusion, curcumin relieves histamine-dependent itching by blocking TRPV1 but not TRPA1. These findings suggest that curcumin might be a potentially safe therapeutic option for treatment of pruritus that is both widely available and derived from natural products.
